Light-emitting Si-rich silicon nitride ͑SRN͒ films were fabricated by plasma enhanced chemical vapor deposition followed by thermal annealing and the SRN external quantum efficiency was measured. The SRN light emission temperature dependence and recombination dynamics were also studied. Small emission thermal quenching from 4 to 330 K with wavelength dependent, nanosecond recombination lifetime was observed. Light emission from SRN systems can provide alternative routes towards the fabrication of efficient Si-based optical devices. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2208378͔ Photon emission from silicon originates from lowprobability phonon-mediated transitions that compete unfavorably with fast nonradiative deexcitation paths, such as Auger and free carrier recombinations.
Photon emission from silicon originates from lowprobability phonon-mediated transitions that compete unfavorably with fast nonradiative deexcitation paths, such as Auger and free carrier recombinations.
In view of these limitations, several strategies have been recently developed to engineer Si into a more efficient lightemitting material. [1] [2] [3] [4] Quantum confinement has led to a dramatic improvement of the light generation efficiency in Si nanostructures. [4] [5] [6] [7] High emission efficiencies have been achieved in oxidized porous Si, [5] [6] [7] and sizable optical gain from Si nanocrystals ͑Si-ncs͒ in a Si-rich silicon oxide ͑SRO͒ film has been recently demonstrated by several groups. 4, [8] [9] [10] [11] [12] The presence of Siv O double bonds [13] [14] [15] at the surface of small Si-nc is believed to have a dramatic impact on the light emission properties of these systems. However, porous Si and SRO-based systems are not suitable for the fabrication of stable and efficient electroluminescent devices due to the difficult electron injection in an oxide-based matrix.
It is therefore necessary to investigate alternative complementary metal oxide semiconductor ͑CMOS͒-compatible approaches that can lead to intense light emission from nanostructured silicon systems that are also compatible with efficient and stable electrical excitation. An intriguing possibility is offered by the nucleation of Si clusters in dielectric hosts with smaller band gaps than SiO 2 . Visible and near-infrared light-emitting Si-ncs embedded in silicon nitride matrices have been recently demonstrated 16, 17 and visible electroluminescence has been reported. 18 In this letter we report on a comparison of the formation parameters and external quantum efficiencies of Si-rich silicon nitride ͑SRN͒ films obtained by plasma enhanced chemical vapor deposition ͑PECVD͒ and ͑SRO͒ films deposited by magnetron sputtering. In addition, by studying the temperature dependent light emission and recombination dynamics of SRN films we demonstrate that quantum confinement cannot explain the optical properties of our SRN samples.
The SRN samples were fabricated by PECVD and the SRO samples were fabricated by reactive magnetron sputtering deposition as described in detail elsewhere. 17, 19 All the samples have comparable thicknesses ͑Ϸ700 nm͒ and have been deposited on transparent fused silica substrates and annealed at different temperatures ranging from 500 to 1250°C. Room temperature photoluminescence ͑PL͒ experiments were performed using a 488 nm Ar-ion pump laser and a single grating monochromator coupled to a nitrogen cooled InGaAs phototube. External photoluminescence quantum efficiency ͑PLQE͒ measurements were performed using a calibrated integrating sphere setup as described in Ref. 20 . Photoluminescence time decay measurements were performed using the 400 nm second harmonic line of a Ti-:sapphire laser ͑pulse width ϳ100 fs, repetition rate = 25 MHz, wavelength tuned to 800 nm͒ and a timecorrelated single photon counting system with a time resolution of 50 ps.
In Fig. 1͑a1͒ we show the trends of the integrated PL intensity versus the SRN film refractive index ͑measured at 1.3 m by prism coupling technique͒ and postdeposition annealing temperature ͓Fig. 1͑a2͔͒. We found that the best light emission performances of SRN films were obtained for samples with the highest Si content ͑a refractive index of approximately 2.24͒ after thermal annealing at 700°C for 10 min. Figures 1͑b1͒ and 1͑b2͒ show the light emission optimization trends versus the film refractive index and the annealing temperature ͑1 h͒ for SRO films deposited by magnetron sputtering. The corresponding SRO film stoichiometry varies between 33 and 53 at. % Si, as measured by Rutherford backscattering analysis. 19 In the SRO case we found that the integrated PL intensity is maximized for films with a refractive index of 1.7 ͑ϳ38 at. % Si͒ and annealed at 1150°C for 1 h. These trends result from a competitive interplay between Si cluster size, emission efficiencies, and Si cluster density. Our data indicate that a major difference in the formation kinetics exists between SRN and SRO lightemitting systems. The optimum annealing time ͑1 h͒ and temperature ͑1150°C͒ required to maximize the Si-nc light emission in oxide systems are much larger than what are required for Si-nc embedded in Si nitride hosts. This suggests that the Si-nc growth kinetics in an amorphous nitride environment results in the formation of small Si clusters at a faster rate and at a lower annealing temperature than in the SRO case. Indeed, small size ͑1-2 nm͒ Si-ncs are formed in the amorphous nitride matrix as confirmed independently by a͒ Present address: Department of Electrical and Computer Engineering, Boston University, Boston, MA 02215; electronic mail: dalnegro@bu.edu cross section transmission electron microscopy ͑TEM͒ analysis ͑Fig. 3, inset͒. Since the SRO integrated intensity decreases by increasing the SRO refractive index beyond a characteristic value ͑ϳ1.7 for our choice of deposition parameters͒ as shown in Fig. 1͑b1͒ , we refer to this situation as supersaturation limited. This trend was not observed in the case of the SRN films, where within the set of deposition conditions that we investigated, the integrated emission monotonically increases by increasing the film refractive index ͓Fig. 1͑a1͔͒.
In order to compare quantitatively the emission efficiency of SRO versus SRN light-emitting systems, we have measured the PLQE of the best emitting SRN film ͑n = 2.24, 700°C, 10 min͒ and the PLQE of the SRO sample with optimized emission characteristics ͑n = 1.7, 1150°C, 1 h͒. Figure 1͑c͒ shows the normalized and almost overlapping room temperature emission spectra of the SRO ͑solid line͒ and SRN ͑dash line͒ samples that we compared. By direct PLQE measurements, performed as described in Ref. 20 , we have obtained a value of 7% for the SRN film versus the 4.5% PLQE of the optimized SRO sample. We notice that these efficiency results are particularly interesting since we have compared the efficiency of a fully optimized ͑in terms of stoichiometry and annealing temperature͒ SRO film, as shown in Figs. 1͑b1͒ and 1͑b2͒ , with the best emitting SRN sample whose stoichiometry ͑excess Si content͒ does not show a fully optimized trend ͓Fig. 1͑a1͔͒.
Another important feature of light-emitting SRN films is that both the emission wavelength and emission line shape are almost independent of the annealing temperature and annealing time, as shown in Figs. 1͑d1͒ and 1͑d2͒ , respectively. A very weak peak shift was also observed by changing the SRN stoichiometry in the range from 2.01 to 2.24 ͑not shown here͒, while the emission of the stoichiometric silicon nitride ͑n = 2.01͒ is too weak to be detected. The lack of emission tunability observed in our SRN systems strongly indicates that the origin of light emission is not determined by size dependent quantum confinement effects.
In order to gain more insight on the light-emitting mechanism of our Si-nc systems, we have performed temperature dependent and time resolved PL measurements. In Fig. 2 we show the integrated PL of SRN for temperatures ranging from 4 to 330 K. We found that the SRN emission shows negligible temperature quenching ͑approximately a factor of 4͒ over the investigated temperature range. In addition, no appreciable emission line shape modifications have been observed from 4 K to room temperature ͑Fig. 2, inset͒. We notice that the temperature dependence of the PL that we have experimentally measured in SRN systems is different from the temperature behavior that is generally observed for Si-nc embedded in SiO 2 matrices 21 or for porous Si. 22 In oxygen passivated Si-nc systems, the PL temperature behavior has been accurately described within a model introduced by Calcott, 23 that includes the splitting of the singlet-triplet excitonic states due to the exchange interaction in strongly confined silicon systems. It has been found that the trend of the Si-nc PL versus temperature follows a bell-shape behavior typically peaked around 100 K. 21 On the contrary, PL data shown in Fig. 2 can be accurately described by a simple phenomenological model based on thermal ionization from localized radiative traps, 24 as similarly reported in Ref. 25 . According to this model, the temperature dependent PL intensity at a given temperature I PL ͑T͒ can be expressed as FIG. 1. ͑a1͒ Integrated PL intensity vs refractive index for SRN films annealed at 700°C for 10 min. ͑a2͒ Integrated PL intensity vs annealing temperature for SRN films with n = 2.24 refractive index and annealed for 10 min. ͑b1͒ Integrated PL intensity vs refractive index for SRO films annealed at 1100°C for 1 h. ͑b2͒ Integrated PL intensity vs annealing temperature for SRO films with n = 1.7 refractive index and annealed for 1 h. ͑c͒ Normalized PL spectra of the optimized ͑n = 1.7, annealed for 60 min at 1100°C͒ SRO film ͑solid line͒ and the best emitting ͑n = 2.24, annealed for 10 min at 700°C͒ SRN film ͑dash line͒. Pump power of 5 mW at 488 nm. The oscillations in the SRN emission spectrum are due to interference induced from finite sample thickness ͑700 nm͒. ͑d1͒ PL spectra of SRN films vs annealing temperatures for a fixed annealing time of 10 min. The sequence of PL intensities follows the trend of panel ͑a2͒ with the highest intensity at 700°C. ͑d2͒ PL spectra of SRN films vs annealing time for a fixed annealing temperature of 700°C. The annealing times are 1, 2, 5, 10, 20, and 60 min and the PL spectra show increasing peak intensity accordingly.
FIG. 2.
͑Squares͒ Integrated PL intensity vs temperature for the best emitting SRN sample ͑n = 2.24, annealed for 10 min at 700°C͒. ͑Solid line͒ Theoretical fitting curve according to the model of Ref. 26 for the best fit we have used E A = 117 meV and ␤ = 184. ͑Inset͒ Room temperature ͑dash line͒ and 4.2 K ͑solid line͒ SRN emission spectra. The oscillations in the SRN emission spectra are due to interference induced from finite sample thickness ͑700 nm͒. 
where I͑0͒ is the PL intensity at the lowest measured temperature, ␤ is a constant inversely proportional to the radiative rate of the system, 24 and E A is an activation barrier which surrounds the recombination center. Both ␤ and E A are phenomenological constants whose microscopic origin is associated with the detailed nature of the interface region between the amorphous Si nitride matrix and the Si clusters. This model describes our data accurately with E A = 117 meV and ␤ = 184, in agreement with the results obtained in Ref. 25 . However, here we propose a different interpretation of the nature of the radiative states involved in the photoluminescence process. Based on firstprinciples calculations of the optical properties of small size silicon clusters ͑1-2 nm͒ passivated with nitrogen, we have recently demonstrated that localized nitrogen states at the surface of Si-nc result in nanosecond relaxation times and large absorption/emission Stokes shifts. 26 Therefore, the radiative nitrogen trap states responsible for light emission consists of localized states introduced within the optical gap of small Si clusters by bridging nitrogen configurations at the Si-nc surface. 26 In Fig. 3 we show the measured wavelength dependent PL lifetime of the best emitting SRN film. We found that the SRN lifetime can be described by a double exponential function with a resolution-limited subnanosecond-fast decay component and a longer decay component that ranges between 1 and 5 ns, depending on the observation wavelength. According to our interpretation of the light emission mechanism, the fast subnanosecond PL decay component is associated with the nonradiative exciton trapping time on the radiative nitrogen states while the longer ͑nanosecond͒ decay results from the recombination ͑both radiative and nonradiative͒ of the trapped excitons.
In addition, we observe that, because of the lack of emission tunability in our SRN system ͓Figs. 1͑d1͒ and 1͑d2͔͒, the wavelength dispersion of the lifetime data shown in Fig.  3 cannot result from nanocrystal size dispersion. On the contrary, it is associated with the various types of Si-N bonding groups passivating the interface between the Si clusters and the surrounding matrix. 26 In conclusion, we have measured the PLQE of SRN and optimized SRO films fabricated by PECVD and magnetron sputtering, respectively, and we have demonstrated 7% PLQE for SRN samples. In addition we have demonstrated small emission temperature quenching from 4 to 330 K and nanosecond-fast, wavelength dependent recombination dynamics. The lack of emission tunability, the PL temperature behavior, and its emission dynamics suggest that the light emission originates from nitrogen-related surface states in small Si-ncs. 
